The reference abundance of the interstellar medium (the abundance of elements in gas + dust), until recently assumed to be solar, is discussed because of its great importance for the composition of dust. For some important elements (O, N, and probably more), three lines of reasoning (observed gas-phase abundances, H II regions, and stellar abundances) suggest that the reference abundance is only 70% of solar. Carbon is especially crucial. This change in the reference abundance, coupled with recently observed gas-phase abundances of C, present grain theories with a major challenge. Diagnostics of the nature of dust are considered, with emphasis on continuous interstellar extinction, the carriers of the 217.5 nm feature, some infrared extinction features, and the \Unidenti ed Infrared Bands" in the range 3:28 m 11:3 m. Laboratory materials have provided important data. The low abundance of carbon in dust probably requires that the carriers of the 217.5-nm feature have the same distribution of shapes in all directions. There are comments about grain theories and the implications of observed gas-phase abundances in cool and warm interstellar clouds.
Introduction
This is a very interesting time for the study of interstellar dust because of a variety of laboratory studies of dust candidate materials, determinations of the \reference abundance" (the total abundance of gas and dust) within the interstellar medium (ISM), and recent observations, both ground-based and space observations, of various absorption bands arising from possible dust constituents. This information provides us a ne opportunity to improve our understanding of the composition and physical nature of interstellar dust. Grossly incorrect theories will probably fail by substantial margins.
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We will consider the nature of interstellar dust in the di use ISM, de ned as having ultraviolet (UV) observations of dust possible. The dust in dark, dense molecular clouds is surely quite di erent. However, in such regions we have no knowledge of the UV or even optical extinction nor of the extinction per H atom at any wavelength. The most powerful constraint on models of di use dust is meeting the observed extinction within cosmic abundance constraints, so without these constraints models are relatively speculative.
Di use dust should be of interest to the circumstellar, interplanetary, and cometary grain communities because of the evolutionary connection between these types of solids. However, at present these connections are not clear, and this paper will discuss di use dust without attempting to speculate about which processes take place in the sequence between di use dust and comets, meteorites, and interplanetary dust particles. Evolution of the grain size distribution is observed to occur in the outer regions of dense clouds, where the UV observations are still possible. Severe processing of the grains occurs deep within the very dense, cold clouds, including the formation of icy mantles and possibly their photolysis by UV radiation and subsequent free-radical chemistry. Within the solar nebula, even stronger processing by the protosun probably takes place. Even the most primitive interplanetary grains (presumably, those found in comets) are less similar to di use-ISM dust than to grains in the centers of dense clouds. Reviews of various connections between interstellar dust and the solar system are found in the work of Pendleton and Tielens 1997] .
Section 2 discusses indications that the reference abundance of the local (within 2 kpc) di use ISM is less than solar. In section 3 the observations regarding local di use dust are summarized. In section 4 the likely nature of interstellar dust is considered.
Reference Abundance of the Interstellar Medium
The reference abundance of the ISM has recently been discussed by Savage and Sembach 1996] , with emphasis on the use of absorption lines seen in the spectra of hot background stars. There are at least three di erent types of observations Mathis, 1996] that independently suggest that the composition of the ISM in several elements is only 65{80% of solar:
1. We cannot account for the solar abundance of some heavy elements within the ISM, including gas and dust. Meyer et al. 1997 Meyer et al. , 1998 ] and Cardelli and Meyer 1997] report the interstellar gas-phase abundances of O, N, and Kr as determined from the absorption lines of their dominant stages of ionization in the spectra of suitable background stars. The resulting abundances are uniformly less than solar, and the di erences cannot be attributed to the amount of the element contained in the dust. The case for O is particularly strong. { 3 { The solar (O/H) is (740 120) ppM Grevesse et al., 1996] or (850 70) Anders and Grevesse, 1989 ]. The gas-phase O/H is 320 130 ppM Meyer et al., 1998 ]. Grains with the solar abundance can take up no more than about 150 ppM of O because of the abundances of partner atoms such as Fe, Mg, and Si. There are upper limits on the strength of the O { H stretch band at 3 m in di use dust Whittet et al., 1998 ] and a failure of a search for O 2 using the PIROG 8 balloon experiment Olofsson et al., 1998 ]. The O in these molecules is completely negligible.
2. H II region abundances also indicate that the ISM is sub-solar in heavy elements. Abundances are conventionally determined by comparing the strengths of collisionally excited forbidden lines of various ions to the recombination lines of hydrogen. The electron temperature is estimated from forbidden line ratios. The emissivities per ion per electron are known functions of T e , so the ionic abundances X i /H + follow from the line strengths relative to the H lines. This procedure is the most important abundance indicator in galaxies beyond the local group of galaxies and has been the underpinning of current ideas on the evolution of the chemical elements as the universe evolves.
While the above procedure is simple and straightforward, it might be subject to large systematic errors (see Peimbert 1993 Peimbert , 1995 and Liu et al. 1999 ] for summaries). The complication is that there may be uctuations in temperature and/or density in the nebular plasma, produced by physical causes that are currently unknown. These uctuations are indicated by major discrepancies in the abundances of certain ions as determined from the collisionally excited optical lines, compared to those arising from the faint recombination lines arising from the same ions. They surely occur in some planetary nebulae. The best example is O +2 /H + as determined by the strong lines O III] 5007,4959 and also from O II recombination lines such as 4649. Note that O +2 /H + is determined using the T e derived from O III] lines, as is exactly appropriate. In a few objects the recombination lines show O +2 /H + equal to the value derived from collisional lines, but in some planetary nebulae the recombination line abundance is an order of magnitude larger. Esteban et al. 1998 ] concluded that there are uctuations that raise the O/H in the Orion Nebula from 295 ppM, as derived from the standard procedure (i.e., no uctuations assumed), to 427 ppM. Then, with 150 ppM in dust, the maximum O/H is (430 + 150) = 580 ppM, as opposed to the solar 740. For M 8, Esteban et al. 1999 ] nd gas-phase O/H = 400 ppM from the O II recombination lines, which require no correction for uctuations.
H II region abundances obtained from ne structure lines, with wavelengths of tens of microns, are not subject to uncertainties from uctuations in temperature because any reasonable nebular temperature is su cient to excite the upper level. The lines of S +2 begin to be collisionally de-excited by densities 10 4:2 electrons cm ?3 and Ne +2 by n e 10 5 { 4 { cm ?3 , larger than the typical densities in H II regions, including the Orion Nebula. For Orion, the ne structure lines relative to H recombination lines in the same wavelength range indicate Simpson et al., 1998 ] about the same abundances for Ne, S, and Ar (80%, 50%, and 70% of solar, respectively) as the optical lines without uctuations.
The Ne/H ratio in both the Orion Nebula and M 8 seems close to 0.2 dex lower than solar from optical emission lines corrected for uctuations Esteban et al., 1998 Esteban et al., , 1999 . One would hardly expect Ne to be depleted onto grains. Recently, the accuracy of the solar abundance of Ne has been substantially improved Widing, 1997 ] to an error of 0.06 dex, similar to those of most of the other major elements Grevesse et al., 1996] , so the comparison of H II regions against solar becomes more meaningful than before.
Fine structure lines in many other H II regions show that the Sun is 0.2 dex rich in O, N, S, and Ne relative to the mean of H II regions at the same galactocentric distance A erbach et al., 1997 and references therein], although there is a signi cant spread at a given distance. The Sun is within the envelope of nebular compositions.
3. Abundances in young stars also seem lower than solar e.g., Gummersbach et al., 1998 ]. Unless there is a substantial separation of grains and gas during stellar formation, the photospheres of dwarf stars of type B2 { B5 show the composition for the ISM out of which they have just formed. The composition of these types can be determined more accurately than somewhat hotter or cooler stars. Snow and Witt 1996] conclude that almost every element in B stars shows a subsolar abundance, with an average of 0.2 dex, or a factor of 0.7.
In summary, the combined weight of all evidence regarding determinations of several elemental abundances is great; the local ISM seems to have abundances of many elements 0.7 solar. The cause of the abundance discrepancy might be relatively poor mixing of the present interstellar gas Gies and Lambert, 1992] , as suggested by the dispersion in abundances in the H II regions at a given distance from the center of the Galaxy e.g., A erbach et al. , 1997] . Another possibility is the relatively recent addition of metal-poor gas to the local ISM Meyer et al., 1994; Jura et al., 1996] .
There is a major problem associated with the simple picture that the ISM is about a factor of 0.7 lower than the Sun in all heavy elements. It seems that the gas-phase abundance of S, and probably Zn and P, are solar to within an accuracy of about 0.05 dex, as measured along the lines of sight with relatively little reddening that sample the warm di use ISM Fitzpatrick, 1996; Fitzpatrick and Spitzer, 1997; Howk et al., 1999] . For these elements the reference abundance is only slightly greater than the gas-phase because they are lightly depleted onto grains Savage and Sembach, 1996] . Any abundance ratio { 5 { being solar, while most are subsolar, brings up the question of the spatial uniformity of abundances.
The reference abundance of S is not clear. As mentioned above, the S/H as determined by ne structure emission lines in H II regions (and hence independent of temperature uctuations) is 0.7 solar A erbach et al., 1997], and Simpson et al. 1998 ] found the Orion Nebula gas-phase abundance only half solar. It is possible that S is depleted onto grains within H II regions more than within the warm di use ISM, but I would not expect such a situation.
Another isotope that seems to have a non-uniform abundance is deuterium, for which current measurements Vidal-Madjar et al., 1998; Jenkins et al., 1999; Sonneborn et al., draft preprint, 1999] show strong variations along various lines of sight towards bright relatively nearby stars.
The impact of subsolar abundances on dust models is very large because of carbon, needed in three roles regarding dust: (1) it alone has enough abundances to be the carrier of the 217.5 nm dust feature that is ubiquitous in the di use ISM of the Galaxy; (2) carbon is surely needed to provide the carriers of the \unidenti ed infrared bands" (UIBs) that are seen throughout the ISM and in many circumstellar dust environments, and (3) carbon is almost surely needed to increase the extinction per H atom in the optical/UV continuum over that provided by silicates alone.
The gas-phase interstellar C abundance So a et al., 1998, and references therein] is 139 12 ppM. The solar C/H is 360 45 ppM Grevesse et al., 1996] . The C/H in dust is the reference abundance minus the gas-phase, so with a solar reference abundance, the C/H in dust is (360 ? 140) = 220 ppM. This can be met by several theories. With 70% of solar reference abundances, C/H = (0:7 360) ? 140 = 250 ? 140 = 110 ppM, or a factor or 2 less than that available with solar abundances. No current model can meet this requirement. However, if the solar abundance of C is 1 higher than quoted, and the ISM abundance is somewhat > 70% solar, the requirements can be met.
Future observations, such as from the Chandra X-ray satellite, will clarify many of the present mysteries regarding the composition of the ISM, since the reference abundances of the abundant elements in both solids and gas will be observable from their absorption edges. { 6 {
Diagnostics of Interstellar Dust
There are reviews of this subject in the works of Mathis 1990 Mathis , 1993 and , as well as in the monograph of Whittet 1992 ]. An excellent review of the role of carbon is in Henning and Schnaiter 1999] .
Continuum Extinction
By far the best diagnostic of the nature of interstellar grains is ( ), the extinction optical depth per (H atom)/cm 2 . Extinction is well measured because the spectral types of stars can be closely determined from the stellar absorption lines, and the unreddened colors of most spectral types are well known. Comparison of the reddened and unreddened colors, with suitable infrared (IR) photometry to establish the zero point of the extinction law, leads directly to the wavelength dependence of the extinction. The optical depth per H, including H 2 , is rather well-determined from the observed N(H)/E(B ? V ) Bohlin et al., 1978] , implying (V ) = 4:9 for 10 22 H atoms per cm 2 . Figure 1 shows ( ) ( = extinction optical depth per H/cm 2 ), plotted against . Di use dust is assumed. The \silicate" features at 9.8 and 18 m and the 0.2175-m UV feature are clearly seen. Not shown are emission features in the 3.28 { 11.4 m range. The famous \di use interstellar bands," and an important but weak absorption band at 3.4 m are too weak to appear on the scale of this plot. Note that the 217.5 nm feature is considerably stronger than the \silicate" bands, but is arti cially reduced when ( ) is plotted.
Surprisingly, there is a good correlation between the optical parameter R ( A(V )= A(B) ? A(V )]) and the UV extinction Cardelli et al., 1989] , implying a strong interaction between the small grains (or large molecules) responsible for the UV extinction and the large ones producing the optical. The correlation is in the sense that large R (associated with dense regions) goes with a relatively weak UV extinction.
Almost the only interpretation is that the small grains become larger through coagulation. There is not enough gas-phase material (mainly oxygen) for icy coatings to convert the \small" grains into \large." Conceivably, the di erence in UV extinction could be caused by changes in the materials within the small grains, rather than by changes in the size distributions. For instance, perhaps the carbon in the small grains becomes hydrogenated, making the grains more transparent. This explanation seems very unlikely, since large changes in the optical constants are required.
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Grains can coagulate when subjected to the observed levels of turbulence in a high-density (large R) cloud that they enter about every 10 7:5 years. They can be shattered and partially evaporated by shocks from stellar winds and supernovae Jones et al., 1994] . It seems very unlikely that they could maintain chemical purity (i.e., purely carbonaceous or silicaceous) during these cycles of jumbling and shattering. Furthermore, composite grains should contain voids in between the agglomerated particles.
Modeling the extinction begins by assuming candidate grain materials, such as various forms of carbon and silicates. The optical constants of each type of material are estimated from laboratory studies. The wavelength dependence of extinction is then tted by choosing a size distribution. Such choices have been made (1) by assumption, such as in the Mathis et al. 1977] (often called \MRN") or Draine and Lee 1984] theories, (2) by an objective technique such as maximum entropy Kim et al., 1994; Kim and Martin 1995] or others Zubko, 1997] , or (3) by tting a trial function and maximizing the quality of t Mathis, 1996] . Size distributions should be consistent with the cosmic abundance constraints, and the reference abundance of the ISM is crucial. The 217.5-nm feature is by far the strongest in the interstellar extinction law. Its main observational properties Fitzpatrick and Massa, 1988] are that its central wavelength is almost invariant, except for a few lines of sight, but its width varies by 50% from one line of sight to another. It requires such an abundant carrier that carbon in some form is needed Draine 1989] . Most current theories use \graphite" to produce the 217.5-nm feature, where the quotes mean that the term probably refers to well-ordered carbon sheets with benzene-ring (sp 2 ) bonding but probably gently bent and with some lattice imperfections. Perfectly ordered true graphite is very unlikely to be present, although spherical \onions" of layered graphite surrounding a mineral central core are found in some meteorites (Bernatowicz, 1997) .
Spectral
Except for the Mathis et al. 1977] and Draine and Lee 1984] theories, the carrier particles are presumed to be \small," meaning 2 a= < 1, where a is the radius of the grain. For small grains the extinction is independent of the size distribution of the carriers. The use of \graphite" to explain the feature has a big advantage and several disadvantages. Its advantage is that with optical constants similar to those of Draine and Lee 1984] , the feature can be produced with only 50 ppM of carbon, far less than with { 8 { any other carrier. The hydrocarbon carriers of the Unidenti ed Infrared Bands (UIBs) also have absorptions in the 220-nm region and will further reduce this requirement. This minimal use of carbon is an essential requirement of the carrier of the UV feature.
The disadvantages of \graphite" are (1) the assumed constants are not actually measured, but are adjusted to make the central wavelength and the width agree with observation; (2) with those constants, the wavelength and width depend upon the distribution of shapes of the grains, which must, therefore, be assumed to be almost identical along almost all lines of sight; and (3) it is not easy to explain the substantial variation of the width of the feature, although coatings Mathis, 1994] on the grains or e ects of clumping of the particles may be adequate. Rouleau et al. 1997] showed that if isolated spheres can produce a narrow absorption, two or more adjacent spheres broaden the feature at the same central wavelength.
Lately, there has been substantial progress in producing laboratory analogues to the feature carrier. T. Henning and his group at the University of Jena Schnaiter et al., 1998 ] have produced carbon that has a large amount of graphitic bonding but has its C atoms in bent sheets (while graphite is planar) within islands of more disordered carbon. The main feature of the experiment is the formation of small C spheres that are isolated from one another by a frozen neon matrix. This material shows a feature at about the right wavelength and with about the right width as the narrow 217.5-nm feature. Unfortunately, the feature requires 120 ppM of this type of carbon, or the entire amount available if the abundance of the ISM is close to 70% solar. Evidently, the astronomical carrier is better ordered or at least has a stronger absorption. Mennella et al. 1998 ] have shown that irradiation of disordered carbon by UV radiation can produce a UV feature, but their laboratory exposure was signi cantly less than that expected in the ISM. The central wavelength of the laboratory feature depends on the exposure. How the photoprocessing of di erent lines of sight would produce features of very di erent widths is not clear at present.
The distribution of the shapes of the carriers should be important to the central wavelength of the feature for not just \graphite", but any viable candidate if the C abundance budget is very tight. The e ect is caused by basic physics combined with tight constraints on the available C Rouleau et al., 1997; Mathis, 1998 ]. If the absorption producing the feature is a strong one, each C atom strongly in uences its neighbors, so the spectrum of the feature depends on the physical shape of the carrier. With weaker absorptions, the carrier shape is less critical, but more C is required. The strength of the absorption required for the di use ISM seems so large that the shape is surely going to be important.
Possibly, the carriers of the UV feature do have the same shape distribution as observed along all lines of sight. Perhaps they are a mixture of molecules with a certain statistical distribution of sizes and charges. Alternatively, there may be physical processes that determine the shape distribution of solids produced by collisions of carbonaceous grains.
Unidenti ed infrared bands (UIBs)
The UIB emission bands with 3.28 m 13 m are surely produced by hydrocarbons (see Allamandola et al., 1989] , or Puget and L eger, 1989 ] for reviews), mostly aromatic. Tielens et al. 1999] give an excellent review of the properties of the bands, with emphasis on the ne spectra obtained with the ISO satellite.
The UIBs have been found in many environments: circumstellar dust, di use dust, planetary nebulae, re ection nebulae, and Galactic cirrus. Their relative intensities vary with environment, with the short-wavelength bands being relatively strong in regions of high radiation density.
Surprisingly enough, there is still controversy regarding the carriers of the UIBs. The problem is that the form of hydrocarbons is not well speci ed by the spectra. Every proposed identi cation of the carrier(s) has to involve some appeal to an extrapolation of known laboratory properties of materials. The most popular material is polycyclic aromatic hydrocarbons (PAHs), planar aromatic molecules with some H atoms on the edges. The C/H required to produce the observed radiation, including the underlying continua, is estimated as large as 70 ppM , virtually unacceptable unless the ISM has a solar or more C/H. However, the far-UV extinction ( 0.16 nm) is surely produced by some material other than the carrier(s) of the 217.5-nm feature (i.e., small carbonaceous grains), and the absorbed energy might be emitted in the near-IR because the absorbers at small wavelengths are likely to be small themselves. The UIBs alone require only 10 ppM Pendleton et al., 1994] , easily within the carbon budget of the di use ISM. Tielens et al. 1999] have discussed the strong evidence in favor of PAHs. They estimate that C/H 20 ppM is required, with the PAHs ranging from 50 C atoms up to clusters containing 10 3 carbons. The lower limit is set by the size of the molecule that produces the shortest-wavelength UIB, 3.28 m, with su cient strength after excitation by a single 13 eV photon. The upper bound is the unknown size at which the molecules are no longer planar. Strong evidence in favor of PAHs comes from the asymmetry of some UIBs, with the redward wing broader than the blueward, characteristic of the vibrational relaxation of a highly excited molecule.
Laboratory studies show that there are electronic transitions of PAHs in the range { 10 { 200{300 nm, while the interstellar extinction law is smooth and featureless except for the wide 220 nm feature. Each PAH has its own absorption spectrum, usually complex. Advocates of PAHs appeal to a broad distribution of PAH sizes to reconcile these observations, but the details are not available. The ionization potentials of PAHs are in the neighborhood of 7 eV, so PAH + ions should be dominant in many interstellar environments. However, electron attachment is also easy, so PAH ? ions can also be produced readily. Thus one would expect PAHs to have a range of ionization depending upon the radiation environment Dartois and d'Hendecourt, 1997] . The absorption spectra of the ions are di erent from the neutrals, but the UIBs do not vary markedly among regions where di erent stages of ionization of PAHs would be expected except for understandable changes in the mean temperatures of the molecules.
Other explanations of the UIBs besides PAHs use three-dimensional, graphitic carbon particles: \Quenched Carbonaceous Composite" Sakata et al., 1983 ], a material produced by an electrical discharge through hydrocarbon gas, or very well-ordered anthracite coal Papoular et al., 1993] . Probably the ISM contains a progression of hydrocarbon sizes from small PAHs up through three dimensional grains with only small amounts of H.
Infrared absorption features
By far the strongest infrared absorptions are the 9.8-and 18-m bands, arising from the Si{O stretch, that are similar to those in amorphous silicates. Their strengths are so great that almost all of the available Si must be producing them, so the Si atoms injected by C-rich stars (as SiC?) must be oxidized. There are many laboratory measurements of the optical constants of amorphous and partially crystallized silicates by the Jena group J ager et al., 1998 ].
Organic material in the ISM has been reviewed by Pendleton 1999] . There is a 3.4-m absorption band produced by the aliphatic C { H stretch in the di use ISM Pendleton et al., 1994] , especially towards the Galactic center McFadzean et al., 1989; Adamson et al., 1990] . The band is conspicuous in the spectrum of organic refractory residues produced from photolysis of laboratory ices Li and Greenberg, 1997] . However, it is seen in the circumstellar dust around the evolved carbon star CRL 618 Lequeux and Jourdain de Muizon, 1990; Chiar et al., 1998 ] which contains no sign of any ices. Interestingly, the feature is not seen in the spectra of nearby molecular clouds (Brooke et al., 1996; Chiar et al., 1996) , where organic refractory material should be especially abundant.
An important recent observation is the polarization of the 3.4-m feature toward IRS 7 in the Galactic Center Adamson et al., 1999] . If the carriers are in the aligned grains responsible for the continuum polarization, the polarization will increase in proportion to the extinction. The observational result is that there is no increase in polarization across the 3.4-m band, showing that the carrier is not in the aligned grains that produce the continuum polarization. These grains must contain most of the mass because they produce the extinction at long wavelengths. Rather, the feature is apparently in molecules or small grains that are not aligned. I will not discuss the infamous \Di use Interstellar Bands", reviewed in Herbig 1995], because their collective strength is so small that trace materials are capable of producing them. I have no doubt that their eventual identi cation will provide interesting information regarding interstellar chemistry and physical conditions. Some of them might be caused by C ? 7 Tulej et al., 1998 ], which is not too surprising in view of the known absorptions of aliphatic C chains as shown by the 3.4-m band.
Other Diagnostics of Dust
Clues to dust properties are given by (1) scattering by dust; (2) polarization; (3) continuum far-infrared emission; (4) interplanetary dust; and (5) formation and destruction of grains. The rst three have been reviewed by Mathis 1993] .
The scattering properties are derived from both re ection nebulae and the di use galactic light. Unfortunately, they depend on the geometry of the scatterers relative to the sources of radiation, and there is an appreciable range of published values for the observed albedo as a function of wavelength. The scattering is characterized by both the albedo and the phase parameter g, which is the averaged cosine of the angle of scattering . The actual scattering from a particular particle shows a complicated pattern of constructive and destructive interference see, e.g. Bohren and Hu man, 1983] , but integration over the size distribution of particles obscures the angular e ects beyond the rst moment of cos( ).
Plausible sets of albedos and g as functions of wavelength, for dust in both the Milky Way and the Small Magellanic Cloud are given by Gordon et al. 1997] .
The albedo drops across the 217.5-nm feature, such that the feature appears to be completely in absorption. This is observational evidence that the carriers of the feature are \small." Interstellar polarization has been the subject of a conference Roberge and Whittet, 1996 ] with reviews and discussion of the subject. The continuum polarization gives unequivocal evidence that the large grains are aligned while the small ones are not, with a size of 0.05 m being the approximate dividing size. In general, polarization serves more of a diagnostic of alignment than grain composition or size distribution, but the width of the polarization shows that grains cannot have too large a fraction of vacuum in them (perhaps 50% being the upper limit). The polarization of spectral features shows if the carriers of the features are contained in the large grains providing the continuum polarization. In this way the di use interstellar bands were shown not to be carried on the large grains.
Far infrared emission is strong and has been well observed by the COBE satellite . However, using it as a diagnostic of the nature of dust is problematic because the spectrum depends on the opacity of the dust and the distribution of the grain temperatures, neither of which is well known. The spectrum is useful in constraining the overall albedo of the dust .
Interplanetary grains are very interesting in themselves, but even the GEMS (\glass with embedded metal and sul des"), possibly the most primitive, are ambiguous regarding the properties of interstellar dust. They contain the amorphous silicates that produce the interstellar \silicate" bands Bradley et al., 1997] . Meteorites show that graphite can actually be formed in space. Those few inclusions with isotopic anomalies show that it is possible to survive the trip from both violently expanding supernova ejecta and from the atmospheres of asymptotic giant branch stars to the solar nebula. The results from the Stardust mission, collecting interstellar and cometary dust, will be very interesting.
The size distributions observed with the Galileo and Ulysses spacecraft Frisch et al., 1999] seem to show that grains can separated from gas. The experiments are mainly sensitive to grains more massive than the largest detectable from the extinction in the di use ISM (< 10 ?12 g.) The observed mass uxes in such large grains alone exceed the total mass ux allowed by the cosmic abundances! The large grains now entering the heliosphere are apparently concentrated in the gas into which the Sun is moving.
Nature of Interstellar Dust
The evidence discussed above suggests Mathis, 1996] that the carbon and silicate occur separately in small particles that are agglomerated into the big grains, along with 25 { 50% vacuum arising from the coagulation. These composite grains, containing most of the mass, are very e cient in their use of carbon and do not predict the O-H stretch absorption (3.1 m) that is observed not to be present. About 100 ppM of C are enough to produce the required optical/UV extinction per H. Along with the composite grains are PAHs and small \graphite" particles that produce the 217.5-nm feature, plus small silicaceous grains that provide much of the rapid rise in extinction near 0.1 m (see Figure   { 13 { 1). If the estimate of 22 ppM of C is su cient for the UIBs Tielens et al., 1999] , and each of these C atoms contribute about as much integrated strength to the UV feature as those in \graphite", the UV feature requires about another 30 ppM of C. The total C budget is 150 ppM, or Z ISM =Z Sun 0:8 when the carbon in the gas phase is added. This is close to the observational requirement. No present models have the silicon oxide mantles as required by the gas-phase abundance di erences between the warm di use ISM and cool clouds (see below).
Destructive processes in the ISM occur within the astration time, t astr = M ISM = _ M ISM , 3 10 9 year. The models that predict fast destruction (lifetime 6 10 8 years Jones et al., 1994] ) assume nonporous grains and a magnetic eld that is perhaps too weak, as they note. The uniformity of the observed gas-phase values of O/H and, especially, C/H Meyer et al., 1998 ] over lines of sight in many directions suggests that little grain destruction is taking place. It seems very unlikely to me that there would be rapid rates of formation and destruction of dust that provide almost constant gas-phase C/H along directions where the fraction of molecular H varies by 5 orders of magnitude. Is the Sun situated so that the presence of grain-destroying shocks and their aftermath happens to be the same in all directions?
Reasoning similar to that above suggests that C + ions do not interact directly with small grains or PAHs, which dominate the area (but not the mass) of interstellar grains. The gas-phase C + /H is almost the same along lines of sight with various mean densities, H 2 /H ratios, and therefore physical conditions. This statement includes the outer parts of a cool cloud So a et al., 1998 ]. Presumably, the charges, temperatures, and relative velocities of small grains and PAHs also depend on the physical conditions. The rate that C + ions encounter grains and PAHs must vary widely among the lines of sight already sampled, so I infer that the constant C + /H implies that C + does not stick well to the surfaces of small grains or molecules.
On this picture, the chemical composition of the individual small particles are not changing very much within the ISM, but the size distribution of the composite grains is constantly changing as coagulation and shattering occur through cycling into and out of dense clouds. The original circumstellar grains of either amorphous carbon or silicate (depending upon the composition of the stellar atmosphere in which they are formed) are shattered into the small particles. Very small amorphous carbon particles are annealed by interstellar radiation to become rather well-ordered \graphite", and hydrogenation and collisions produce the PAHs that radiate the UIBs.
Another important observational result comes from gas-phase abundances of various elements through warm di use clouds, cool di use clouds, and the Galactic halo, Sembach and Savage, 1996; Savage and Sembach, 1996] , all with the H mainly neutral. The halo and warm di use cloud gas-phase abundances of many elements (O, N, Si, Mg, Fe, Ni, Cr, Mn) are remarkably similar. The gas-phase abundances of the leading elements in the list are close to the reference abundance, especially if it is subsolar, while the later elements are strongly depleted. Their solid phase must form a \core" of very refractory material that is not easily destroyed by the shocks and other harsh conditions expected in the halo. In warm clouds, all Si cannot be in true silicates, since the Si is found in the gas phase while the (Fe, Mg) are not. By contrast, cool di use clouds show much lower gas-phase abundances, and one can refer to the material added to the core as the \mantle" (not to be confused with the mantles of organic refractory residues, surrounding silicate cores, proposed by Li and Greenberg, 1997] .) One can determine the composition of the dust in both warm clouds and cool clouds by subtraction from any assumed reference abundance.
As discussed in Savage and Sembach 1996] , the results of the above comparison show that pure silicates are not suitable candidates for dust in either warm or cool clouds, for either solar or 0.7 solar reference abundance. The ratio (Mg + Fe)/Si in dust cores can be obtained by subtracting the appropriate gas-phase abundances from the assumed reference abundance. For solar reference abundance, (Mg + Fe)/Si in the dust core is 3.3; it is 8.6 for 70% solar. Silicates vary between olivines, (Mg,Fe) 2 SiO 4 , and pyroxenes, (Mg,Fe)SiO 3 . The cores contain Mg and Fe that is not combined with Si, either as metals or (more likely?) in the form of oxides. With a solar reference abundance, there is no way to account for the large amount of O that would be required in the dust (see section 2.) The great strengths of the 9.8-and 18-m Si{O stretch features show that almost all of the Si is oxidized. This material is apparently concentrated in the mantles, since the gas-phase Si abundance in warm clouds is comparable to a subsolar reference abundance.
Interstellar dust grains, then, seem to be constantly agglomerating and shattering, reaching the size distribution found in the di use ISM. It is likely that they simply continue this process while deep in cold, dense molecular clouds. Ices condense onto them in the clouds, and they become the icy CHON (carbon, nitrogen, etc.) particles seen in Comet Halley, along with the silicates (see Mumma 1997 ] for a review). These observations do not support grains that contain only \organic refractory" mantles, but merely u y grains and ices of whatever sort.
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